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PREFACE

This thesié'is intended to cover in a broad way
‘the determination of inductive effects in communication
cireuiéé éaused by single phase railway>electr1ficationa
‘and the inter-relation betwsen these inductive effects and
the\regulation in the rallway circuits tﬁemselvas.

The studies on ﬁhich the paper 1ls based were
éarried‘bn at savefal different places and times."Origin-
el investigation of inductive effects and factors affect-
ing them'was carried on in May, 1906, on the circults of
the Indiena and Cincinnati Traction Company near Rushville,
Indiana. The study was continued on the interurban electri-
fication between Derry and Latrobe, Pennsylvania, later in
the same year, |

The major investigations, however, were made over
‘a period of eighteen months in 1907, on the New York, New
Haven and Hartford main line electrification and over a
period of three years in 1915-19 on the Paoll and the
Chestnut Hill electrifiéations of the Pennsylvania Railroad
at Philadelphia. |

It was during the last period that the regulation
factor came to the fore end that the inter-relation between
regulation and inductive effeets became evident.}iThe nmethods

of calculation of regulation shown here were then developed,



greatly simplifying means previously in use.

| The'repért'covers‘the status of electrifica-
tions in the year 1920, Since that btime further alter-
,natingvdurrent éingla phase’elaaﬁfifications have been
1nstélled’and older-syStems‘haﬁe beén largely extén&ed,
the plans utiliiing the considsrations set fbrfh here.
Communication systems are operatiﬁg auécessfully in the

immediate vicinity of the railway systems.
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Introduction

t

-Single phase railway electrification initiated
in the eafly years of this ecentury, met with strong
Opﬁositien from advocates of other systems and one of
the great objections ﬁrged aéainat it was the inter-
ference'caused by the flow of single phase trolley and
ground currenﬁ_in the circuits of communication compan-
les which might be located on the rallway right-of-way
or within a moderate distance of it. Early investiga-
tion in 1906 on the interurban Indianapolis and Cincin-
natl Traction Company was carried on with a view to
anticipation of inductive effects and their mitigation
on the main line of the New York, New Haven and Hartford
Railroad between Mount Vernon, New York, and Stamford,
coﬁnecticut,»which was then under construction, Certain
~ fundamentals were determined during this investigation
vénd‘it was made possible to calculate the approximéte



| voltages-that‘might‘ba expected in the Western Union
Telagraph circuits'on the railfcad rigthOfnway. Means
‘ware devised fcr‘QVefCQﬁing in large meaéure these
voltages which were sé high as to.make comnunication
impossible in the state of the art then existing.

| " On later electrifications the studj of the
inductive effects was. taken up éarly enough so that the
distribution circults could be laid out to give better
conditions. It is now well fécognized that the two factors,
inductive effects and system regulation, are inter-related
and that a change in the system that affects one will
generally affect the other, These two factors must there-
fore be cqﬁsidered together.,

- Regulation - Impedance of the Trolley-Rall Circuit.

‘The first element to be considered in working out
the regulation of the system is the impedance of the cir-
cuit composed of the trolley wire asnd return path, This
iﬁpedance~consists of the resistance of the trplley wires
. and the rails and the reactance due to the magnetic field
between them. The resistance of the trolley wire is read-
ily obtaihed as, for the railroad frequency,of 25 cycles,
1t is practically the same asrfor‘ﬁirect-cugrent. The
railé; hoﬁever, have higher resistance to alternating
than to directhcurrent; The ratio between the 25 cycle

alternating~current and the direct-current resistance has

been experimentally determined as about 2.5 to l. This




value was arrived at after many experiments on the 100
pound rails of the New York, New Haven and Hartford
Railroad by measuring voltage drop along & given length
of éail with the petentiai conductor in several loca-~
ticns relative.to the rail., It was necessary to calcu-
late the effect of the magnetic fleld set up between

the reil and the potential wirse and to eliminate the
voltagé resulting from this which appeared in the volt~-
age readings, an ltem previously overlooked in published
data. The reactance per mile due to the'trolley wire 1s
"éivén by the formule, -

X = O.116 l°g1°.-5:$§; for 25 cycles.

where d 1s the distance between the rails and the trolley

rand r the radius of the trolley. Iikewise the reactance -

per mile due to the track is, -

Xt =1 0.116 log _%r for 25 cycles.‘
“where I' is the proportion of trolley current which re-
turns by rail, and r! is the effective radius of the two
rails, or the geometric mean distance between the rails,
which is equai‘to

4




where ry and Ty are the equivalent radil of the two rails
and dg, the distance between them.

In the ease of two wires beingj used as' trolley
coﬁductors the same method applies‘for obtaining the proper
value of 0.78r fof~cal¢uiation of reacvance. Likewise
in the case bf dowble or four track the geométric mean
distance of thekwires from themselves must be used in
place of OQVBr and the geometric mesn distaﬁca of the
wires from thg track in place of d.

The radius:for a single rail has been determined
empiricelly so that the effect of the internal field in
the steel may be neglected in calculations. For a 100
pouna rail, the value used is 0.35 inches. Considerable
variation of this value makes very little difference in
the total reactance calculated and a high degree of
accuracy for the effective radius of one rail is not nec-
essary.

PrOportion of Earth Current

. As mentioned sbove the proportion of current
returning by réils must be known in order to have complete
impedance data. This proportion has been determined by
experiment in several cases and has also been calculated
by apﬁfokimatg methods., The agreement between the results
of tests and the ecslculations have been good. Local con-
ditions affect the results to a certain extent but with |
the‘tracks well bonded and with ordinary leakage cqnditions,
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the values can be approximately stated and are as follows:-

i

40 per cent of

Single traeck = rail current
: : ' trolley current.

i

Double track - rall current = 60 per cent of

trolley current.

it

Four track'  ~ rai1 current = 70 per cent of

trolley current.
The above values are such as would be measured

in the middle of & section four or five miles long or
more. TFor shorter sections, of for positions within two
miles from the point of power supply, the values should
be higherg"‘The!results of some of the first tests made
on single-phase roads fér the determination of earth and
rall currents are'éhOwn in Fig. 1. The tests were made
on the 25‘cycle, single~phase line of the Indianapolis
and Cincinhati Traction Company in 1906, which was then
operating from Rushville, Indiena, to Indianapolis, a
distance of 40 miles. For the tests, current was fed
by'trolley from the power hoﬁse at Rushville to various
points where the trolley was connected td the rails. The

| curves show how little effect the length of feed has on
the division of the current between rails and earth.
Further ﬁests of a similar nature were made later on

; other roads, notably the New York, New Haven and Hartford

Railroad, which confirmed the results obtained at Rush-
ville.
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Raif Current, Percent of Trelley Current

mi/es Frorm Powerhouse.

ra 7 17 16  miles . ‘:

- r7  § 72 7% l/'u miles

Fig. /.
£ffect of distance between Power-Hovse and/ood
on rail current for §1nglelrack road. 1
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" . With tha‘ﬁélﬁe of rail current determined, the
impedence of the trolley-rail cireuit may readiiy be cal-
culated., A table of impedsnces for several sizes of
‘tfolley wire and different numbers of traéks is given
in the appendix. o |

Total Impedance From Substation to Lbad'

Ths vector difference of pbtential from a sub-
statién to a point fed by & single trolley from the sub-
station is obtained by mulitiplying the ilmpedance of the
trolley~-rail circuit by thé current. If the point is
- fed from two substations between which two or more trolley
wires run, the calculation can also be made quite simply,
ir the’two‘stations'ara at the sams potential the currant
to the load wiil divide between them in inverse ratio to
the distance from them and the drop will be mI, Zpg =
(Ifné m) ’10 Zac. If the two substations are at differ-
ent potentials, the load current can still be‘considered
 as dividing inversely as the distance to the stations and,
/inuédaition, a drop will be added due to circulating
current betwsen the stations caused by their difference of
potentisl. This drop is proportional to the distance
from the substation. .The potential drop from a to ¢,

Fig. 2,~due tofthe:&ifference of potential between a and b
ism (Eg — Ebi, The drop due to thé 1oa§ Ie at ¢ is as
above, the total being m (Eg — Ep)+ (1 —m) I, Zac;
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For a second load d in the same section distance m' from
a and I — m' from b, the drop from a to ¢ becomes m
(Bg — Bp) + [ex — m) I+ (1 = m') Id] Zge. This may be

continved for any number of loads,

The Equivalent Network for Complete System

The forégoing gives the electromotive force drops
from substations to loads, The drop from the power house
to the low-tension éide of the substations can also be
reduced to guite a simple caleculation by considering the
system, high~tension, low-tension and transformers, as
~a network. ‘Fig. & shows such a simple system, comprising
a generating unit P with a step-up transformer and trans-
mission line and three step-down transformer stations
whiéh are connecteé to ihe trolley on the low tension side,
The equivalént network is shown in Fig. 4. Zo = impedance
\of step-up transformer and highrten31on line as far as I,
reduced tb trolléy»potential, i.e., the high tension im-
pedance divided by the square of the step~down transformer
‘ratiéé. Zl, 52, and 23 = impedance of transformers i, 2
and 3 at trolley voltage. %, &nd %, = the impedsnce of
: transmission linlefmn 1 to 2 and from 2 to 3 respectively,
"reduded to ﬁrolley‘potential, 2o and 2y = the impedance
of trolley-rail circuit from 4 to 5 and from 5 60 6 respect-

ively.

14
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. Distribution Currents - By the application of

| Kirchoff's laws, it is a very simple matter to find the
,Qurrents,which will flow in each transformer for moad

| at_any one cn;the low tension side. A éhart can then
be prepared as shown in Figs, 5, which shows the propor-
tion of~curreﬁt supplied by each substation to a load
at any point on the line, A load of one ampers at point
X will be fed with 0,18 amperes from transformer station
I, 0.34 amperes from transformer station 2, and 0,48
-amparéa fromctransformer station S,k A sbudy of the

. chart shows that any load, such aé that at X may be re-~
placed by two loads at the adjacent substatlons Inverse-
ly proportional in ﬁﬁgnitude‘to'tha'distance of the
point of application of the load from them. The sum of -
the two equivalent loads must be equal to the original
loed. Such.replacement or substitution may be made
without affecting the tranSformer'loéds, and therefore,
the &,m.f. drops to the low-tension side of the trans-
formers are_unchang;d.

vSelf‘and‘Mutual\Impedance - The values of self

and mnruallimpedahce'Which.Will‘determine.the drops to .
the transformer stations can be calculated from the above
data, Foiisimpli§1ty these impedances are designated as
follows: #

Z4.4 = self impedance to 4 or voltage drop from
* P to 4 for a load of 1 ampere at 4,
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xzs;s’ Zo.g - sélf4impedanée to 5’and 6 rospectively.
" 2.5 = mubual impedance between 4 and 5 or the
2 voltage drop from P to 5 for load of
1 ampere at 4. - ‘
335;4 = voltage drop from P to 4 for load of

. ampere at & = Z4u5,

4.6 =Zg-yg = mutual impedance between 4 and 6.

 Zg_g =Zg.5 = mutual impedence between 5 snd 6.

After the self and mutual impedances at trans-

fonmer_statiens or other tie-in points have been obtained,
the voltage'drops‘to the low tension side of the trans-
formers can be ealculated for sny fixed distribution of .
load;‘ The equivalent loads at substations aie'first
found for each individual load as explained sbove. These
loads are then added and the system considered as one,
with loads only at.ths,transfoﬁmer'stations. To obtain
the~v61tage drop to 4, for example, the equivaient load
at 4 is multiplied by 244~the~equivalént load at 5 by 245’
the equlvalent load at 6 by Zé 6. The sum of the three
results gives the valué‘desired,* The e.m.f. drop to any
particular load may fhen be bbtainadwby application of
the formula given in an earlier paragraph on the trolley-

rall impedance.

% The simple and direct method by which these
- values may be ¢btained,is illustrated in the appendix.
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System Fed from Two Sources of Power = A spec-

1a1 case occura when power is fed from two points. If
the amount of current fed from the second point is lmown,
it may be considered simply as a negative 1oad and ca1~
culationg are madegin exactly the same way as for posi-
‘tive 10&&5; If the amownt of current fed from the second
source is not known, it can be caleculated by algebraic
methods qulte simply‘by conéidering it as an unknown
negative load which maintains the voltage at its point
of feeding, to the ¢alue for which the second source
regulates,

Short-Circult Currents ~ As the question of

short-circult currents will come up later when inductive
interférence is discussed, the methods for determining
them will be briefly stated. - The self impedance of the
point on the system at which the short«circuit occurs
determines the current, when the voltage and the imped-
ance of the power plant are known. Any internal im-
pedance in the power plant is added to -the self impedance
of the point of shortscircait and the generated voltage
'dividedvby this value gives the symmetrical;rxm;é. valus
‘of the current.
In case there are two or more sources of feed,

the calcuiations are a little $ore\involved, but when the
second source,ofyéower is considered as a negstive load

the calculation is somewhat simplified. Only the formulae



will be given here &nd the mathematical proof and an
example will be found in appendix A.
I, = the current in the short circuit at X,
s By (Zgg% _3‘383),; = Zgx (B, - Ey)

e
,.Zxx .(?",sé*":g‘s) \"..Z,sx :

I_ = the current from secondary source of power,
- Bobxg = Dxx (EQ_,"‘ Es) .

- ; _ 2
Zxx (Bss* g.) Lgx

Where kEQ“ and E; are the generated voltages at

the main and second sources of power respectively, Zg =

the impédance of the second source of power, Zgg

solf-impedance to the point of application of second
source of power, zxx ‘—-"~1self»impedance to point of short
circuié ‘and Zgy, < mutual impedance between point of
appl;catidn of second source of power and point of

shart«c’ircuit " |

Formalae for obtaining the short-circuit currant

" for any number of pdwér‘ stations can be worked ou;t,-"al-
though for more than two there 1is considerable compliF
cation; If, hoﬁeve’x*,; the generated voltages at the |
power statlions ére taken as eqtial to each other, which
1sgen§rally an allowable aSSmnption,v the work is much
simplified. R |
| | | A special case of network ls presented by the

three wire distribution as applied to the New Ydrk, New

19



Haven and Hartford Railroad electrification. This system
utilizéé-the trdliey line as one slde and the feeder line
as the othsr side of & 22,000 volt, single-phase trens-
mission, Eaéﬁvline‘is,ll,ooo volté above thé~rail or
groﬁnd potential‘and balancer éf‘auto—trénsformers are
connected at intervalé between tﬁa trolley and feeder
with the middle Qoints conneeted to thé rail, és shown
.in Fig. 6. The calculations fcr”distribution.of current,
regulation, etc., are made in a manner similar to that:
for the plain two~wireé system. In fact, an equivalent
network exactly like that for the two-wire can be con-‘
structed end used for current distribution calculations,
Impedance calculationé to the low-tension sides of the
transformers involve a little more work, as the mutual
impedanoe~betﬁéén'ths trolley-track and the feeder-track
‘circuits must be consideredt Calculations of the voltage
drop in the‘trQ11ey-rai1’éircuit’of any single section 1s
made in exactly the same manner as that for the two-wire
system. - En}tha appendix will be found a brief calculation
showing the construction of the network.

Inguetive Interfercncs

:Two electric ecircuits paralleling each other
have sn effeet one upon the other, due to the potential
of and the current carried by the wires. A voltage on

fhe wires of one circuit’will induce a voltage on the

20
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wires of the other circult. A change in the current
flowing in one circuit will induce through the changing
electro-magnetic field a voltage in the second circuit,
The induced voltage from elther cause 1is ﬁependent apbn
the relatlive positiqns‘of thevcircuité. For a given
position the electroétatically induced vbltage'is prq-
portional to the:potehtial of'the inducing circuit and
the eleetramaghetically'indﬁced voltage is proportional
to ths rate‘of change of current in tﬁe.inducing circuit,
or for‘aiternating;currantvof a giveﬁ frequency is pro-
portionél to the magnitude of the currant,

Electrostatic Induction - A réilwgy circult

cansiS£ing'of a trolley wire and return 1n ra11é, earth
or ground feeder aﬂd a parallél telegraph or telephone
circuit conéisting'of a wire with earth or wire return
present a case'with‘péésibility of induction frdm the
causes mentioned. Cdnéidered in regard to the electric
induction, & trolley wire is a conductor at a potential
above ground with an electrostatic capacity to ground.
The trolley wire also has a capacity to a paralleling
‘telagrqph or teléphoné'wire which in turn has a capacity
to grouhd; if the telephone wire were perfectly insulat-
 ed from gfound the potential would rise to & value determin-
’ed by the relative gapacity of‘the wire tokthe trolley

wire and to earﬁh* If the telephone wire is connected

22




23

to ground either direectly or through other apparatus,

it will act as one piate of a ccndénser, the trolley
wire being the other plate. Charging current will then
flow from ground into the telephone wita, ﬁhich will be
proportional in magnitude to the eapacitieé betﬁeen it
and the trolley wire. EThat interference from this cause
is not probable is shnﬁn by experience on glternating- |
curfent railways which have béen insta11ed.‘ Generally
ﬁhare is mgré than one wire on a telegraph or telephone
pole 1inej§nd the charging current 1s'divide& among these
_ wires so that the amounht in any one is insignificant.
If one wire shéuld be entirely insulated from the ground
the others which are grcundad,cauée its capacity to
ground to be so much in excess of its capaclty to the
tﬁolley wire that a high voltage 1is improbable .

| | Electrcmagnetié Induction ~ In working with

the problem of‘electromagnetic induction,ithe trolley wire
end its return may be cénsidered as the primary winding
of a large air-core transformer, the telegraph or tele-
phone wire and its return being the secondary winding;
The 1nduced electromotive force in a wire paralleling a
circuit carrying current 1s proportional to the logarithm
of the ratio of the distances between the wire and the

two. sides of the power circult, If a telephone circult
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is being'conéidered, in vhich case there are tﬁo wires in
which voltage is induced, the e.m.f. may be calculated for
each, and the difference will be the voltage which will
appear in the circuit. Such rééultant induced'voltage. |
1s caused by "transverse" induction or is due to the |
magnetic field between the two wifes;’}The'701tage cal-
culated for a single wire is that‘whibh appears between
the wire snd the return at infinite distance, at which
position the ground return can be assumed, and is caused
by the’magﬁetic flux linking with such a eircult, or the
"longitudinel" inductiorn. If the wire is grounded at
one end, the ecalculated voltage will appear between the
other end and ground. If it is not grounded at all and
is uniformly insulated, the middle of the line will be
at ground potentiel, and edch end et one-half the cal-
culated voltage from ground--one cnd being positive and

the other negative. If the wire is grounded at both ends

a current w111~flow’through it proportional to the volt-
age and inversely proportional to the impedance of the
circuit. |

The transverse field can be made very small by
80 transposing the two/wires of the telephone circult as
to cause ﬁhem to have the same average position with‘re-
spect to the inducing source. Perfectt transposition,
such as obtained bj twisted pair or cable circults, re-

duces the transverse inductlon to zero. The longitudinal



induction, however, cannot be reduced by transﬁésition‘
of the telephone wires. This induction is the cause

of voltagea'betwaen the telephone line and groﬁnd and
those appearing ih grounded telegraph circaits. Longi-I
tudinal electrémagnetic induction from transmission
lines can be neutralized by trénsposition of the power
wires. Transmission lines‘for railway circuits are no
diffarent‘in this respect from power lines used for
general power transmission. Induction arising from the
current}flow in single phase trolley and rail circuits,
however, presents a different situation on account pf |
the/gggsibility of transposition of the two sides of the
power circult. The magnitude of the electromagneﬁically
induced voltage can assume rather large proportions with
such a circuit, as compared with even an untrénsposed
powey circuit of oridinary dimsnsions,'because of the

' distanée between the two conductors, the trolley wire on
one side and the return circuit made up- of rails and
earth on the other side.

Position of Earth Current - If all current re-

turns by rail the jnduced voltage at 25 cycles per mile

per ampere l1s 0.116 log _%r., where D and D' are the dis-

tances of the trolley and rail respectively from the tele-

graph wire. It ia'easily seen that at a distance of a
féw hundred feot D and D! would beccme practically equal

25



and the value of the voltage, therefore, would be zero.
If part of the return current flows in the earﬁh oot

the induced voltage becomes 0.116 I, log pr+ 0.116 I

D"
T

end D" the distance between the telegraph wire and the

log where It and Ie are thé track and earth currents
path of the earth current., This latter is an unknown'
quantity and can only be estimated. Tests made Ln
various places have given quite different results;‘ The
determination of the effective position of the current
for any given case 1; quite easily made, prdviding measure-
ments heve been obtained of the values.of Ig, I, D and
D', On the single track line of the Indianapolis & Cin-
cinnati Traction Company, tests and caleulations showed
the effective position of the earth current tb be gbout
400 feet below the surface. On the New York, New Haven
aﬁd Hartford Railroad and on the Pennsylvania Rallroad,
which are four-track roads, the effective ﬁosition of
the current as calculated from the inductive effects 1s
5000 feet below the surface. Tests onﬂthe Norfolk and
Western Railread, a two~track road, agreed more"nearly
with Indieanapolis and Cincinnatl Traction Company results,
but these tests were not as extensively carried out as
at the other places.

There is another method of obtaining the effective

position of the earth current which does not involve tele-

graph line voltage measurements. This uses the distribution

26
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of current between the earth and track in connection‘
wiﬁh the known‘chgracteristiﬁs cf the ﬁfack circuit.
Assuming that the earth current is distributed uniform=
1y in a cylindrical conductor tangent to the su?facé_

at the tracks and having zero resistance, the réactance
may‘be calculated, and from the réactance the diameter
of the‘conductar‘may be deducﬁed; vCalculations of this
kind have shown the effe#tive’eenter of the earth current
to be from 200 to Goc”feet below the sufface. 'Wﬁileﬁ
many of the calculations seem to favor}a position of

| earﬁh current about 500 feet below the surface, it is
not qonsideréd that this value ié‘a safe 6ne to'use in
calculating the induced voltages in communication cir-
cults when 1aying out a system, It is probable that the
eérth current is not ﬁnifprmly distributéd and possibly
it‘does not penetrate into the earth ﬁo any great dis-
tance, but 1s,spread‘out in a layer a few feet orAa‘féw
hundreds of feet thick and a mile or so wide. Up to
the present no single methqd for calqulating’the position
of the current has proven itself gorrect for even a few
cases for which tests have been made. It is recommended
thefefore that on new projects where it i1s impossible td
obtain actual measurement of induced voltage per ampere,
the value of 5000 feet be used, as it will probably give

results within a reasonable degree of accuracy and at




least Will err on the safe siﬁe. P0r~calcu1ating in-
&uction in conductors placed within 50 ft. of the : ‘
trolley it 15 safe to use a lower value, say 1000 ft. ”
for the depth of the curranﬁ.

Tatal Value of Induced Voltage~-When the in-»

duced voltags per ‘ampere is known for each section of
- the line it 13 an easy matter to calculate the total
voltage for any iven load conditions, by calculating‘
the voltage for each part of the lins in Which the
current is uniform.and adding or subtracting the valt-‘
ages of these sections according to the flow of current.
It will be notlced at once thatia layout such as’ shown in
Fig. 2 there will be a neutralizing action for any load
between transformer stations, as current will flow in
opposite directions on either side of.the load., A’stub
end feed in which all the current comes froﬁ one direc-
tion is much mofe severe for induction. If a load is
at one end of the network, hawever, there is the condi-
tion of feednin one direction from all substations ex-
copt the one at which the load is applied. It is nec-
essary to keep such through feed currents to & minimum
in order to restrict induced voltages to a low value,

The limiting condition for induction is gener-
ally not the normal load condition, which can usually be
kept so distributed in a systém fed by several transform-~

er stations, as to cause a good deal of neutralizing action,
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Short circuit conditions, however, always have the effect
of concontrated loads, and if the short-circult occurs
at the end of a. system the through feed is most harmful.

Effects of Induction in Telegraph
and Telephone Lines‘

Telegraph Lines - Tha effects of the induction :

can>be stated quite simply for telegraph lines. If the
1nduced-voltage rises above certain rather definite values,
the telegraph instruments chatter and cannot be: used. It
has been found experimentally that ordinary simple Mcrse
circuits can stand a voltage of about 40 percent of the
amount of direct-current battery used. Duplex: circuits"
can stand about 80 percent, while quadruplex is more sen-
sitive and can stand only 15 oﬁ 20 perceht of the direct-
current battery potenﬁial under fair 6perating conditions.
Short-circults are generally not as serious gs éontihued
loads, as the disturbance passes‘quickly and repetition

of a word or two of the message 1s usuaily’thé only in-
convenience caused. There is a poséibimity of cases, h&w—
ever, where such a distufbﬁnce would simpiy distort the
signals so as to alloﬁ,a wrong tnterﬁpetation of the méésage.
S§‘far'ab is known there have never béen any cases of the
kind detected. | | |

Telephone Lines - The effects in telephone lines

onthe other hand are most sericusly‘felt during short-

circuit conditions. Metallic telephone circuilts are pro-
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tected at the ends by‘cagbcn black protector gaps be-
tween ggch wire and ground, these gaps being designed

for a breakdown of 400 volts or thereabouts, but mein-
tained in certdl n instances to stand = 200 volt direct-
current test. Unless these break down: or other grounds
occur on the lines, telephones are seldom disturbed by
induction from sihgle~phase raiiway currents as they are
“two-wire circuits'and usually transposed and balanced
sufficiently’to keep noise‘from’the operation of trains

to a permissible value. Cable lines are particularly
good in this respact,,wheréas open wire lines’are'mofe
susceptible to trouble. If thethO wires of the telephone
circult are not so transposed as to gilve equal induced
voltages in them, noize will rasult, also even if the
wires are well transposed there is 1liability of noise

due to unbalance in capacity or leakage resistance to
earth. The noise is not caused directly by 25 cyele current
~but by ripples on the main frequency.wave which are present
in the trolley current. Most of the telephone troubles
have been found to result from a breakdown of the protect-
or gaps. Such breakdown is dependent upon the magnitude
of the induced potential under the short-circult condité

jons, which depends upon the absolute rate of change of

railway current flow}
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Amnng ths troublas causad by gep breakdown,."
‘the principal ones are bell-ringing, 1oading coil trouble,
and aconstic shgck, if the gap ‘fails there is the denger
of _e.a'ble or exchange wiring insulation breakdown end of
‘electrical shock, although there are no instances of this
on reoord for 11nes subject ta railway induction. If'.
the 1nsu1ation on the board hreaks down there 1s added
a fire hazard. There is also a fira hazard due to volt-
age which does not approach the breakdown valua of the
protector gap providing such voltages are sustained for
several seconds or minutes. Sustained voltages will be
found during train operatioﬁ, but generally speasking, if
the voltages occurring during shnrt-circuittéfe'not high
enough to cause hazard from the causes mentioned above,
the normal sustainad Operating voltage will not be high
enough to cause fire hazard. The xariaus_troubles should
probably be explained more fully.

Bell Ringing -t This 18 simply a ringing of the

subscribers! bell or the operating of the drop at_the
 central office which,-while'not of a very serious nature,
1s an ennoyance which should be reduced to a minimum,:

Toading Coil Trouble = This will occur in loaded

trunk lines. The two wiras of the telephone line pass
through the loading coil windings and if the protector
gap on one line breaks down, more current will flow thru

one winding than thru the other, sometimes permanently
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changing the permesbility of the iron and rendering
the coil inefficient. This effect is produced by the
magnitude of the current, independent of its frequency.

Acoustic Shock - This is caused by loud noise

in the receiver in case & gap breaks down with any heavy
discharge following. It is experienced chiefly by op~
erators and is considered a serious condition.

Electrical Shock - Operators and switchboard

or line repairmen will be subjeet to this hazard.

 Fire Hazard - Any breakdown of insulation on
the board or in the exchanée wiring is 1isble to cause
fire, provided enough current flows. Telephone engin-
- eers have stated that a breakdown of insulation at
200 volts with one-half ampere flowing for two seconds
is considered as a possible cause of fire.

With the above points in view it can be sald
that 1f the maximum induced voltage for a period of two
seconds is nét oﬁer 200 volts the chances for trouble
in the telephoné circuiﬁs would be very small. TFor a
longer time, covering severél minutes, an induced volt-
age in the neighborhood of 100 volts or less is probably
safe and for a shorter time than two seconds it would

appear that higher voltages than 200 can be tol63atsd.

In many cases voltages of several times 200 volts have
been induced with no bad results aside from bell-ringing

even when continued for one or two seconds. Just where



the safe limit of voltage is for a duration-of time
represented by a short éiicuit'(lass'than‘oné+ha1f sec-
ond) camnot be stated. For equal fire hazerdjthe allow-
able‘voltage should increase inversely as the square

. root of thé,time.ivﬁone of the above limits can be con-.
sidered as hard and fast, but represent opinions gained
after a study Qf the records of telephone disturbances
and'general ccnditions‘dbtained in the communication
circuits. o |

Systems of Feed Which Tend to Reduce Disturbance

- In laying out the transmission line and trang=-
 former stations very much can be done’whidh will tend to
 ﬁmke:the‘system‘hgrmless as far as telephone induction is.
concerned. ‘Soma_of'thﬁ‘pointa.Whidh can well be con-

sidered have already béen'suggested‘

Tocation of Trensformer Stations - Probably the
most harmfulrrailway system from the viewpoint‘of the
telephone or)telegraph engineer is one in whidh‘the |
trolley is fed for;several miles from one end only. If
any telegraph or telephone lines parallel such a system,
they are pretty certain to be disturbed. Feeding by a
transformér station at the end opposite from the first
feed=-in point will reduce induced voltages to about 30
percent and sometimes o considerably less than this.

A liberal use of transformer stations is one of the best

cures for the induction evil., The characteristics of
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trensformer stations, the impedance of the trolley-rail
circuit, the tramsmission line impedance, all can be ad-
justed'sa'és‘ﬁovre&ﬁce the thréugh feed féctor; and the
impedance of étséuﬁp transformers can also be varied to
adﬁanfagé.i Each"particular case mus t be‘tieéted indivi-
| duélly and no set rulecan be giﬁéh to eliminat inductive
: troublés. vIn generai, thrqugh feéd'is rédﬁcad by iﬁ-.
creasing the ﬁrollay-rail impedance and déereasing the
impedance of step—down transformers and transmission
lines, The trolley-rail impedance is determined by
the size of the trolley wire, which in turn should be
'determined by the carrying capacity of the wire, Thils
will give the highest impedance parmissible for the |
'trolley~ra11 circuit. Step-down transformsrs should
then be made of as low reactance as is compatible with
cost and the transmission line impedance kept low in
comparison with that of the trolley rail. w&ﬁh‘thesa
factors determined and tha regulation desired fixed,
Whatever,reactanéé 1s still allowable should be put‘in‘
the step~up transformers and_genefatofs so that short
circuit‘currants wiil be as small as possible.

Sectionalized System - In cases where telephone

wire exposure 1s very Severe and through feed conditions
must be reduced beyond the amount given by the above

methods, good results can be obtained by sectionalizing



the transformer atations, iaa» using two transformers
at each station with the,higthension sides paralleled, -
but with the low-tension sides separate, one transform-
er feéding each direction. This impairs the regulatidh'
of the system somewhat, unless the load is well distri-
buted. |

If these points are carefully considered in
'laying out the system, it will be found that the addition
of any special dévicés, such as will be spoken ofylater,
may be 'in a 1argé‘measﬁre, if not éltbgether, obviated.

Three-Wire System - The three-wire scheme as

applied on the New York, New Haven and Hartford Reilroad
is a special form 6f multiple'tfanéformer stationfsystema
This syétem has all tha~advantages of the plain two-wire
system which has been mentioned above, with the added
advantage of using auto-transformers which, for equal
capacity, are smaller than two coil transformers,'and

of using the copper trolley as part of the transmission |
circult. Transformer stations can, therefora, be placed
‘a 11ttlé closer together for the same cost, and induction
will be reduced if this is done. The trensmission volt-
age is limited, however, to a value of double the trolley
voltage. The calcﬁlation of the induction in telephone
and telégraph.linée is made in exactly the same way as

- deseribed for the simple two-wire syétem.
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Sectionalized Three=Wire Systemyf Several schemes

for the sectionelizing of avhhreeuwire system at the’trans-
former statibns have been worked out. Some of them have}”
5een tried in the'labo&atorj wiﬁh very,good results, but
none have been applied 1nupractice; Tﬁe simplest of these
schemes 1is showh in Fié,'V. gqualizer‘tranéformers with
one to one_ratio‘are,connected between trolley and[feeder‘.
lines at the transformer stations so that the current in
the trolley and fee@ef ﬁin@iﬁge must be equal. The equal~
1zer must have & curreﬁt capaclty equal to the total line
current at4the_poinﬁ at wﬁigh it is installed and avﬁolt~
age rating equal to the e.m.f, drop'in the auto-transformers
at the station where it is installed, If short-circuits
are to be cared for without any through feed this means
an'equalizer‘transformér rating of fullvtrolley‘voltage
(11,000 volts), bﬁt if 8 small amount of tbrough feed 1is
permissible under severest short-circuit céndit;qns, a

- lower rating can bé used, | |

Special Devices for Introduction Into
Railway Circuits to Reduce Induction

What has been Said covers generally the whole
system of distribution on the railroad. ' There are, how=
ever, certain minor changes which can be made which.have
the effect of reducing induction. The object of such

devices is to reduce the earth current.
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Ground Feeders - Overhead return feeders will
allow a portion of the returnfcurfent to flow in them - =
and so reduce the pail and earth currents. Calculations
~ have been made vhich indicate that the induetion may be
reduced in the neighberhocd of 30 to 50 percent by using
- 8 4/0 wire as return feeder, paralleling each pair of
rails,lif the fesder is placed within a few feet of the
‘ trolley wire, |
| If & roturn feeder 1is ﬁlaced close to the dis-
turbed telegfaph or telephone line, the reduction in in-
duced volﬁage for that particular line is greater. The
‘current carried by such a feeder will depend upon‘the
voltage impressed upon it and its impedance. If the
feeder circult 1ﬁpedance weré entirely reactance, the\
current flow would be of the correct phase and approxi-
mate amount to neutralize the voitage appearing in the
telephone line, witﬁ the feeder'wiréfsimply connected to
earth. But even if the wires were large, the resistancé
of ground connections would be so high,,ordinarily, that
the current would be too small for anything 1iké complete
neutralization, Connection to the rails givesAa circuit
of lower impedance, In order to get a current in the
feeder of the desired amplitude and phase, however,Ait
18 necessary to use some such device as a boosfer trans~
former ﬁetween 1t and the trolley wire, With»éudh an

arrangement, distribution of the transformers and con=-
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ditions which might csuse saturation ﬁust be carefuliy
'cansidéred, as brought out in the following paragraphs

on track and feeder boosters, This scheme has never

been applied on asccount of the many practicai difficulties
against it. |

Booster Transformers - The device which In s

been used more than any other for accomplishing the
reduction of induced voltage is the booster transformer
‘for track or for a feeder closé to the trolley wire.
This 1s a transformer whose primary winding is connéet4
ed in series with the troiley circuit and whose secondary
‘is comnected in serles either with the track or a return
féeder, the primary and secogdary ratio being‘approxi~
mately one to one. ‘The use of & return feeder overhead
in connection with booster transformers 1s objectionable
first from the standpoiht of cost. The feeders are used
instead of the track for the return path for the current,
 and in order to keép the regulation of the line within
reasonable limits they must be of largé.sectiqn. Two

100 1b. rails have & resistance to 25 cycles of approxi-
mately 0.08 ohms per mile, which is equlvalent to about
three 4/0 copper wires. Smaller feedérs, of course, may
be used at the expense of regulation end an increased size
of the booster transformers. The voltage rating of the

transformer must be the voltage drop in the section of




feeder to~whi§h it is connected. The advantage of the
use of the return feeder rather than the track, 1ies in
the greater reduction of'induced‘voltage‘in telegrsph
and telephone lines running very close to the railroad.
The use of booster transformers connected to the track
utilizes the low impedanée return circult which the rails
provide and saves the cost of the copper feeders. The
impedance of the trolieyurail circult is increased a
1ittle over the value when no boosters are used, on account
of the current being forced to return entirely by reil,
and on acgéhnt'of the impedances of transformer windings.
The inerease is shown in the tables given in the appendix.
| Booster trénsformers, when of sufficlent size
and used in sufficient numbers, give very good results
in actual service, There are practical limitations, how-
ever, both as to size and number. The 11mitation-as to
size appears in the voltage across the secondarj,i This .
is limited, especilally in the caée’of the traék'booster,
as 1t is not advisable to introduce high voltage'between
two adjacent sectlons of track either under normal operat-
ing condltions or during periods of short-circuit. The
maximum voltage allowable under short~circult conditions
cen probably be teken as the limiting value. Once this
1s set the number of transformers necessary is easlly

determined by spacing them‘at such intervals that the
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maximum voltage d@op in the sections of track will be
less then the limiting ﬁﬁlua'bf the véltage. It Wili'be
~ found on the larger electrifications that quite a close
spacing will generally be necessary, 1. €y ona, two or
even more per mile being required. " The objection to |
close spacing 1133 in the nnmbe# of insulating joints
or seétionvbreaks in the trolley or track to be install-
ed ané‘maintainad. ﬁith a return feéder; spacing‘closer
than a mile apart may hot be heéeaSarj but the‘voltage
~ of the individual transfcrmer must be correspondingly
raisad. | | |

When transformers are not installed in sufficient
numbers compliéations résuit, espécially under shorte-
circult conditions. When the short-circult occurs the
transformér 1rdn beéomés satnrated and ﬁhe voltages |
across fhem take oﬁ_a daéidedly peaked wavevshape which
1s hard on 1néulating joints andlon short telephone lines
»with e tenminal close to a booster tranaformer. ‘Moréover,
the induced voltagel in all telegraph and telephone 11nes
1s peaked and in some cases will rise to values consider-
ably in excess of the values which it would attaip‘were

the boosters not in the circuit. The latter phenomenon

is due to the fact that“§§9 voosters there is always a

‘pesidual current in the earth, this current being ﬁhe‘

magne tizing current of the trensformer. Under saturated
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conditions the magnetizing current is not anly large

but is of distorted wave ahape. As far as short-
eircuit conditlons are concsrned 1t.is be*ter not to |
_have any transformers in serviae than to have 80 few
that saturatiqn will occur. Traek bonsters are here

at sQﬁQWhat of a:disadvantage as against feedef boosters,
’as the former are apt to be short-circuited by trains

on the tracks at‘insulatingfjcints and éo possibly many
of them would be out of commission et the time they are

most needed,

Conditions of Rallway Operation

It is possible so to oporate a well laid out
road, as far as induction is concerned, as to cause severe
Inductive effects.in telsphone and telagraph lines as wéll
as to glve pdor regulation, A few simple precautions,
hdwevar, if obéerved, will generally prevent trouble
from these causes, | '

One way feed to a load glves best opportunity
for indictive troubles to appear. Therefore the circult

| breakers should be cloéed on both ends of a section of

trolley oﬁ which there 18 any considerable load. On a
multiple transformer station system, precautions should
be taken against operatlion with an end statlon out of
commission and with considerable load in the end sectlon.

This condition gilves a stub end feed on all tracks from



the next transformer station, Provision should be
made in the end gtatibn té minimize the possibllity of
such operation becoming necessary. If éircuit breskers
are to be cut out for inspection ef»repair, such‘work'

should be done when the section is not loaded, or spare

apparatus should be available so that the feed from the

end station will not berihterrupted‘

On a séctionalizeé system, it 1s necessary to
see that train loads do not get spaced so that they are
 one substation apart; It is concelvable that such a
condition might be obtained, although it 1is unlikely.
If 211 the trains wefé leaving or all approaching sub-
stationé, in relatively the‘sama‘poéitions, under such
a condition, the current feed in the trolley would in
effect be entirely in one direction and therefore in-
ductive interference might become severe. |

Under short-circuit condltions, the circuit

~ breskers should operate quickly as well as selectively.

A short-circuit 1s a heavy concentrated load. If it be
in the middle of a section the current foeds in the two
directions and will tend to neutraiize their individual
effects but 1f the short-circult 1s at the end of a

section - expecially in the case of an end section -

the inductive effect can become very high, It is there-

fore desirsble that circuit breakers be set to operate

a2
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80 quickly that the induced vnltage will not 1ast lcng
enough to cause trouble. High speed‘nnder such conditions
is not incompatlble with selective action, as the high
speed is necessary anly when the current is so high that
there is no doﬁbt that ﬁhe circuit bra&ker 1s feeding |
directly into the ahort-circuited seetion, and.the trip
can be set to operate under this eondition irrespective
of the time relay which controls it under lower values

of overload, Thus selectivity is obtained on heavy short-
circuits on account of the fact that only Qiréuit bregkers
feeding.directly to the short-circuit ean have enough
current to operate the trip directly, and on hiéh resi§t~
ance short-circuits because of the time 1limit relays.

- Speclal Devices for Introduction Into
Telephone end Telegraph Lines

Certain schéﬂas which have been used involve

the introduction of qpparatus’directly intO'teléphone or
telegreph lines in ordef to neutralize the‘indnéed volt-
age or‘tq'keep it from causing distﬁrbance‘ Much progress
has been ﬁade along.fhis line and several schemes have
been proposed, many of which have been tried out‘expéri—

mentally, and found satisfactory up to certain limits, add

‘there are others which have actuglly been put into regular

service.



The Neutralizing Transformer - First among

these is the neutralizing transformer. It was proposed

for use on the New York, New Haven & Hartford Railroad
before the electrical 0peratién of the rgad was begun
and one pole line in the worst exposure waé équipped
in time to take care of the heavy induction which ensued
‘when trains began to operate, Under normal operatingv
conditions the induced voltage on'the telegraph line
paralleling the road frequently rose as high as one
thousand volts, yet the wires were. worked as usual
without serious interruption. Other lines were later
equipped with the device. |
The neutralizing transférmar is simply a
multiple secondary, one to one ratio (approximately)
- transformer,whose primary‘is‘conneatéd into circuit‘
with a wire running ambng the wires to be protected
and grounded at the ends of the electrification, and
‘between the transformers if more than one 1s used.
Each telegraph wire 1s connected to a separate'seconds
ary winding so that the voltagé of the windings opposeg
the induced voltages in the wire. The résidual voltage
in the telegraph or telephone lines 1s lim{ted by the
resistance of the ﬁeutralizing or pilot wire and the
magnetizing current 1ﬁ the transformer and under normal
conditions is equal to the product of these two. The
objection to its use is mainly in the transmission loss
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added to the telegraph or telsghoﬁe 1ine, ”while loss
in.transmission efficlency is not great, it is consid-
ered éﬁjectionébiéiwhan‘it:is éénsiﬁered'what extrems
measurea“afe taken by telaphnne companies to improve
the transmiséionvof their 1ihes. It is not sconomical
Whan used on long lines when the induction is only
moderate iu amount. on the New York, New Haven and
Hartford Railroad the amount of neutralizatién obtained
on the main telegraph pole line was approximately 95 |
percent the residual voltage being five percent of the
total 1nduced voltage.' '

,lncrease of Resistance of Telegraph Wires - For
1nduced volﬁagés of moderate value it 1s sometimes poss-
1ble to insert resistance in a telegraph circult and
raise the direct~current working voltage accordingly,
s0 that the ratio of induced voltage to direct-current
potential does not.exceed the allowable amount. Imped-~
‘ance added also tends to reduce the disturbance although
it slows up slightly the working of the telegraph circuit.

Resonant Shunts - have been tried and are now

béing used in several telegraph lines. One type or shunt
consists of a parallel resonant circuit for 25 cycles, and
so is in effect a very high resistance to this frequency.:
For direct current, however, it introduces very little
resistance., When 1t 1s connected in series with the tele-

graph instrument, the telegraphfcurrent, which has a
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reiatively steep wave front, passes through the conden-
eer~at the beginning of the eignal and,the sustaining )
or the fcllowing current flowa through the inductive
reactance with a small veltage drop due eoeely to the
resistance of the coil, This kind of a shunt ‘may be
used directly 1n a Horse eireuit or in the relay eircults
‘of a duplex or cempeeite outfita

circuit in series resonance for 25 cyelee can
be placed in parallel with the telegraph relay and such
an grrangement will cause the alternating current to flow
through the reeonant circuit rether than through the re-~
1ay. The device has heen suecessfully applied and has
worked well with an induced potential ten,times the maxi-
mum alloweble without protection,

o Variations of these two devices conetitute.mmst
of the other echemes propoeed with the same end in view.
Some of these schemes have been experimented with in
_Eurppe and several apparently have considerable merit.
Those which have been tested in telegraph linee along
the Pennsylvania Railroad PhiladelphiauPaoli electrifi-~

ation are shown ineppendix B.

Telephone Circuits - There is ‘some objection to

the 1nterposition of corrective devices in telephone lines
on account of the high transmission efficiency Which.mnst
be maintained and the more delicate nature of telephone

instruments when compared with telegraph instruments.
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The neutralizing transformer has been usad for tele~
phone circuits, but it ‘must be wound wiﬁh each second~
'ary composad of two wires wound side by aide 80 as to
‘prevent the intrcduction of impedance diractly 1nto the

talking eireuit. _While they are more expensive than

the transformers made for telograph circuits, still the

’principal objectlon to their use is the loss in trans—
mis sion efficiency‘

Telephone trunk 1inea have been operateﬁ 1n the
neighborhood uf railway cirauits which induee potentials
in them, with reactance coils bridged across the tele~
phone line with the middle points grounded., With a de-
vibe of this‘kind'at each snd ofwthe»trunk circuit no
25 cyecle voltage can appear on the switahboard, but the
transmission loss. again appears as an objection.

The main safeguard against telephone trouble
seems to be in the maintenance of the line in good,con~
dition and depending upon the‘pfoteetor gaps to remove
hazardous potentialé.‘ -

Lead Covered Cables -~ The uSe of lead covered

cables for either telephone or telegraph lines has en
advantage besides the easier maintenance, in that the -
lead sheath acts as a return feeder close to the tele-
‘phone wires, There are objections to connecting the
lead sheath to the ralls and so the full value of the |
return is not felt, but experlence indicates that thé
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lead sheath on a large cable reduces the induction by
about 10 to 30 Qercentg

inﬁu&aﬁiug Transformers ~ Telephone instrupk
mentsymay be connected to the telephone lingVﬁhrough
repeatingjtransfprmers anﬁ thus prevent ény'induced
voliage¢oﬁ the line from.beiﬁg transmitted to ﬁhe in-
1atrum5nt. This ‘scheme is particularly applicable to_."
private telephone lines, such as those from substatioﬁs
’to power~house, etc. It is often used for lines
running’on the 5ame;polesvas high-tension trgnsmission,
wires. Trénsversa induction is not protected against;:
'by the transformar,‘and therefore there is ‘no reducﬁion
in noise resulting from imperfect transpositzon or pro- '
tector breakdowns. Transmissmon,loss is involved in the
transformer, but this is generally not serious on &
private line, providing not too many transfofmers‘are
bridged across one pair of wires. |

Inductive Interference From Existing
Single-Phase Railways

" qme first roads to adopt the single-phase,
alternating~cufrent system &ere interurban trolley lines.
The traffic was light compared with later installations,
but the voltage was lower and therefore the current was
high enough to give as much electromagnetic induction as
a higher voltage, high powered line. The first study of
inductive interference was made on the Derry and Latrobe

line, a short 1line in Pennsylvania run at a trolley voltage



of lﬁovc)"volts. The test made there gave ‘enoug‘h infor-
matigﬁ to enable'a'mcbé comprehénéive set of tests to -
be made on the 3300 volt Indiénayciié'énd Gincinnat1
Traction Company iine running ffom.lndianapdiis to‘Rushr
vine;_,j Indiana, a distance of 40 miles. It was during
these tests, in l1906, that an idea of the division of
return current in rail and earth was first obtained
with sny dégree of définitenesé. The neutralizing
transformar for use in telephona and telegraph 1ines

was also first trled out during these tests; with the
result that it was considered advisable tc depend upon
this scheme for taking care of the ‘inductive interfer-
ence problems of the New Haven electrification.

The Indianapolis and_ﬁincinnati electric line
did not cause serious intarference in neighboring cip-
cuits, principally because it was broken into sections
of gbout tan miles in length, each section being fed
from a separate Lransformar station,‘ The line was later
extended, using the same feeding system, and inductive
interference trouble‘has not occurred.

The New ﬁaven electfificétion wag first.laid
out with only one point of feed, at Cos Cob, near one
end of the line. Induced voltages in the railroad tele~-
graph line runnihg oh the right of way were calculated
from the data obtained on the Indianapolis and Cincinnati



line and the values xndicated were checked later by test
and found to be substantially correet, The neutralizing ,
transformer schame was adopted anﬁ the transformers were
put 1n pcsition and connected before uperation began, The
result_was that the railroad telegraph lines gave success-
ful service andfware}éperétive eveﬁ whéh the 1n§ucéd #olt—
age‘was as high gs lcboxvélta, Tﬁa transformeré‘neutral~
ized this enough to keep the residusl below 50 volts. When
short-cireuits occurred on the line, the transformers
probably werevsatﬁrated and the residual must have bégn
in the neighborhood of 1000 volts and poésibly more, but
no damggé_was caused. The relays would rattle for a
second, or until the shoft—ciréuit'was‘clearaé,,and this
was the 6n1y'result¢ | |

The American~Telegréph an& Telephoha Company.
“had lines paralleling the New Haven at a distanca of a
few hundred feet. These lines were worked a8 telephona
lines during the first monﬁhs of the electrification with
no inconvenience, other than some noise in the Open wire
circuits, The voltage under hormal operétion reached
values of about 200 volts, and under shortucircuit con~
ditions 1t must have reached several times this amount,
although no measurements to determine the mgXimum values
were made. The lines dould not be used for composite
telephoné and telegraph service, however, and for this

reason neutraligzing transformers, especially bullt so as
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to be sultable for ccmpdéiﬁe‘cirquits wore installed.
| The incfegée,ahd;extenéiaﬁVof the New Haven
electric service necessitated a better system of feed,
on account of‘voltagevregulation!&nd,also because af  
the increased induced voitages,f The three-wire system
was adopted and the entire line was changed to this
scheme. The resuli was very beneflcial to‘telegraph
opsration and it has been found possible to operate
the railroad telegraph circults with the neutrallzing
| transfofmers cut out of service with very little disturb-
ance, although the length of the,élaetfification, and
therefore the exposure of the lines, is threa‘times;asv
gréat as when the road beganIOPeration under the old
system of feed, | |
| The Scheme of using track booster transformers
was given a test in the spring of 1914 on the New Canaan
branch of the New Haven Railroad, which is a seven mile
stub end road branching from the main line at Stamford,
Conn. The tests showed that this scheme was workable
énd it was installed on the branch, cleating up the in-
ductive interference there.
The seme scheme was applied on the Norfolk and
Western Railroad and has given successful results. It
was brought out in tests gt this place that the trans-
former scheme was not giving as low am induced voltage

as indicated by the New Canaan experiments. This was



found to be dus to‘éhnormal leakage around insulating
joints,’on~aecount of the kinﬂ;of ballast and a water
piping system close to the raiia,\ However, the indu¢t~,
1oﬁ-;s not such as to ceuse intorfevence at present.
The distribution system 1s on the multiple substation
plan,
' The Philadelphia-Paoli electrification employed
booster transformers at the étart, on account of the
railroad &elegraph,circuits which, without boosters,
‘would have between one and two hundred volte induced
during normal operation. Telegraph operation'was per=-
fect; but conslderable béll ringing trouble at timgs B

of short~circuits was caused in the Telephone Company
lines and investigation traced the cause to the satura-
tion of the bodsters.”'The resonant shunt for telegraph
lines was developed and ccnnectéd into the telegraﬁh cir-
cuits in order to allow the removal of the boosters, with
the object of geéting_rid of beliyringing. Boosters on
one half the line have been femoved and fesonant shunts
instailed in the telegraph lines with very favorable re-
sults., The telegraph business of the railroad ia'carried
on as duplex composite, four wireé makling up é set of
four duplex telegraph‘gircuits, two direct telephone cir-
cults ahd one phantom telephone circuit. ' Bell ringing in
telephone lines has been practicaily oliminated.

B2



 On the next 3ingle%phasé électrificatibn made
1ﬁ the'Un1ted'states,‘which'1s.that”of the Chestnut Hill
,brén&h of the Pennsylvanié Reilroad at Philadelphia; a
carefu;‘study'of‘the substation layout was made prior to
the installation, with the idea of keeping inductive in-
terference to a minimnm The transformer stations were
located with this in view, and the result has been that
it has been unneeessaryvtc install any corrective devices,
either in the reilway circuits or the communication lines.
This line went into service in 1918 and no case of bell
ringing or ather disturbance has been reported.

Other single~phase electrifications have been
installed with multiple substation systema, and the in~-
ductive 1nterference has been practically negligivle.

The special cases mehtioned above are those in which spe-
cial investigatiéns and tests aeemed~desirable, and are
‘ ﬁherefore those on which the most data 1s available.

Canclusion

In plahning‘for an electrification which is
paralleled by telephone and telegraph circults, it is
essentlal that induction be taken into account from the
start. The introduction of special devices into either
the telegraph or the railway circults is annoying and
somsetimes quite expensive. By carefully laying out the
trensformer sﬁations and determining the probable induced



. voltages baforeh&nd,‘Véry'little extra expense should be
involved and a system can be obtained which is free from
most, if not all;;cf,thé ekﬁra,aeviees.:‘lf the statiéns
are. 50 1sid auﬁ that the short-circuit éondiﬁiOns on the
railroad do not sause dangerous valtages in the telephone
lines, normal operating conditions will, as a general |
rule, take care of themselves. If, after all reasonsble
steps have been taken in the railroad circuit, the induc-
ed voltage is still”abeve the working limlts and yet

does not cause a physical hazard, the use of some such
device as the resonant shunt in the telegrapﬁ lines will
probably take care of whatever voltage remains. If there
is a short diStanea where the exposure is very severe,
and the spacing of tranaformér,stations to take care of
‘this condition would be 8o close as to cause considersble
expense, éuch a short stretch could be protected by some

of the special devices consldered above, without affect-

ing the rest of the system.



TABLE I—-TROLLEY RAIL IMPEDANCES

3/0 Phono
1/0 Copper

0.270 4 j0.300[0.002 - j0.211

0.232 4 j0.312/0.092 4 jo.211

3/0 Phono 3/6 Phono

4/0 Copper 4/0 Copper 3/0 Copper 2/0 Copper
1

MR ot B N R e B N R o e R N = = & BN o= = TROLLEY

oo 1b. Rails 100 Ib. Rails 100 1b. Rails 100 Ib. Rails 100 lb. Rails

AR RNE R A ABENEN~ARRNAR=&RBR RN - &s s~ TRACKS

4

Trolley - RETURN CIRCUIT TOTAL IMPEDANCE
Rail TROLLEY ) ) o
Circuit With Without With Boosters* Without Boosters
Boosters | Boosters . ;
Io.3 16 4 j0.306]0.092 4 j0.211{0.037 - jo.084 0.422 + j0.534 = 0.030|0.353 + jo.300 =0.520

0.310 4 j0.310/0.046 + j0.122|0.028 4 j0.073 ©.3,0 4 j0.449 =0.585|0.344 -} j0.383 = 0.514
0.316 4 j0.322]0.023 + j0.073|0.016 4 j0.051' 0.353 + jO.412 = 0.541 :
0.158 4 j0.170}0.046 + jo.122|0.028 4- j0.073 0.218 + j0.300 = 0.3770.180 +} jo.243=0.305 |
0.158 4 j0.180{0.023 + j0.070/0.010 4 j0.049 0.195 -+ j0.267 = 0.330]0.174 -+ j0.220 = 0.28y
0.079 + j0.004|0.023 + j0.070/0.016 - j0.049, 0.109 + j0.173 == 0.204|0.095 - j0.143 = 0.171
0.037 4 j0.084 0.370 + jo.537 = 0.654]0.307 +- j0.393 = 0.408
0.270 + j0.313{0.046 + j0.122[0.028 - j0.073 0.330 -+ J0.452 = 0.500/0.208 - j0.380 = 0.484
0.270 + j0.325/0.023 4 j0.073/0.016 + jo.051, 0.307 -} j0.415 = 0.515/0.280 -+ j0.376 = 0.472
0.135 + j0.172(0.040 - jo.122|0.028 4

0.135 + j0.182]0.023 - 0.070/0.016 + j0.049, 0.172 - j0.269 == 0.318/0.151 - ]0.231 = 0.273
0.008 + j0.005(0.023 + j0.070|0.016 -+ j0.04) 0.098 + jO.174 = 0.100/0.084 - j0.144 = 0.165

jo.211/0.037 +
0.232 4 }0.316/0.046 4 J0.122[0,028 4 j0.073 0.202 -+
0.232 4 j0.327|0.023 + jo.073|0.016 +

0.116 4 j0.1730.046 4~ jo.122[0.028 4 j0.073 0.176 + jo.312 = 0.358/0.144 -} j0.246 = 0.282

0.116 4 j0.183|0.023 - j0.070[0.016 + j0.049, 0.153 4~ j0.270==0.310/0.132 - j0.232 = 0.265

0.058 + j0.0500.023 -} j0.070/0.016 - j0.049, 0.088 -}- j0.175 = 0.105/0.074 + j0.145 = o.:r’)r‘.g

0.189 -} jo.300|0.092 + jo.211|0.037 + j0.084 0.205 + j0.537 = 0.610{0.220 + j0.303 = 0.452

e 0.180 4 j0.313/0.046 -+ jo.122|0.028 4 j0.073' .249 + jo.452 = 0.515(0.217 + j0.386 = 0.442
° 0,189 +4- j0.325(0.023 + j0.073/0.016 4 j0.051 0.226 -} j0.415=0.471]0.205 + j0.376 = 0.428
ﬁ i 0.004 + 0.172}0.046 -+ j0.122{|0.028 + j0.073| 0.154 + jo.311 = 0.340/0.122 4 jo.245 = 0.273
o ! 0.004 + j0.182[0.023 + j0.0700.016 4 j0.049, 0.131 - j0.200 = 0.208/0.110 + jo.231 = 0.250
= 0.047 + j0.005]0.023 4 j0.070/0.016 4 j0.047, 0.077 + j0.174 = 0.189]0.003 + jo.1.44 = 0.157
0.260 - §0.368]0.002 -+ j0.211|0.037 + j0.084, 0.366 -} j0.506 = 0.606/0.207 -+ j0.452 = 0.540
0.200 + j0.37210.046 - jo.122]|0.028 4 j0.073 0.320 - jo.511 = 0.6000.288 -} j0.445 = 0.523
0.260 + jo.384]0.023 4 jo.073]0.016 4- jo.o51, 0.207 -+ j0.474 =0.558/0.276 4- j0.435 = 0.513
0.130 4 j0.200[0.046 + j0.122|0.028 4- j0.073. 0.100 -} j0.330 = 0.387/0.158 -}- j0.273 =0.315

[ _|0.130 4 jo.210{0.023 + j0.070]0.016 4 j0.049, 0.167 -} j0.207 = 0.340]0.146 + j0.250 =0.206

0.005 - j0.100}0.023 4+ j0.070/0.016 4 j0.040 0.005 + j0.183 == 0.211|0.081 + jo.158 =0.177

0332 -+ J0.373 = 0498

0.073 0.195 + j0.311 ==0.360/0.163 + j0.245 = 0.29.

0.081 0.338 4 0.540 = 0.634]0.260 -+ j0.306 = 0.478
0.455 = 0.538/0.260 -} j0.380 = 0.467

0.051: 0.20) -+ jo.417 = 0.494(0.248 - j0.378 = 0.450

Booster Impedance = o.014 -+ jo.o17 except 4-Tr'bl!cys, 4-Track = 0.007 + jo.000.

APPENDIX A

TWO-WIRE NETWORK .

To construct the cquivalent network, reduce all impedances..

to a basc voltage (trolley voltage is preferable as base). For
example, in Fig. 8, '

Zs, Zv = impedance of feeders.

Z:, 4 == impedance of trolley-track. )

Zy, 21, Zy = impedance of step down transformers.

Z, = impedance of step up transformers and feeder to I.

a ] p4
p1e % o
Zy F41 Ky
' Z4 z
[y C]

F1G, 8—EQUIVALENT TWO-WIRE NETWORK

First consider mesh 2-3 separately and as fed from 2 with
onc ampere load at 5, Fig. 8.
A o
h=p Yt Zat ="
[ = Ly Ly + Za
E X A Zat Zi "
I; Z, = Z:s = impedance of network 2-3 from 2 to 5.
Consider mesh 1-2 with side 2-5 made up of mesh 2-3. For

a load at 4,
Zo A Ze 4= Zns

+ Zl.' + Zl + Z!I:I
Lo Zs

Ml 7k 7 ¥ Zo
Iy 2y = Zu = sclf impedance to 4.
I, = nl. Iy =mlL
Zu = Zu —-— th'
ZCI = Zu— mi, Za

For load at 35—

!|"_::zl -—.K

=L

Zx + YA

L = zn+ze+z,+23”“1f-
.!h._ : _},’,-}-Zt j!
CT A I X T

1, = nl.'
zu = K' Zl
Z.-., —] K' (21 "I" Z'.‘)

Zw = K" (Zi 4+ Z) — mL' Z,

To obtain the constants for load at 6 consider the network

“as supplying three loads, a positive load at 6, a positive load
at 5 and a negative load at 5, all loads being numerically equal,
First consider a load at 6 fed from 5 To solve this, mesh
2-1-5 must first be solved alone, giving the value of the impe-

dance from 5 to 2 = Zs. Then, in mesh 5-1-2 with load at 2
“fed from 5,~— ' .
Za

b= g7 357 5z="
Ze+Zl+Zn .
+Z+ L L=

fy = mlL’'

_ b=z
Ly =n' Z;

~ Consider mesh 5-3-2 with side 2-5 made up of mesh

5-1-2. For load at 6 fed from 5,—
[a = Ly o4 Zaa
2yt Ay 4 Zus + Za
' i Za
hy=1,= Tk 2ot 2o F 2 m"
L =n" w" .

L=m" m"

Supcnmpo;c these values on those obtained for load at 5
and the result is obtained for a load at 6 fed from 4.
=K' —wm' m”
ch=aul' — ' wm"
Ii=mL' -+ m"
Zu (K' —m' m") Z,

s = Zu - (K' —wm' wm") Z.
Za=Jus 4 (K' —wm'" m" 4+ nl. — ' m") Z4

The results must satisfy the following equations :—
Zas —_ ZM

Zu —_ Zn
Zm == Zu

The above results give sclf and mutual impedances from 1.

'!'o change these to the valucs from the soutce of power add
Z. to cach,



SHORT CIRCUIT CURRENT IN NETWORK FED FROM TWOQ SOURCES
OF POWER

$ Zo

Iv)
/N position of Short_ Circuit
FIG. Q---SHORT-CIRCUIT IN NETWORK FED FROM TWO SOURCES

In Fig. 9—

Zxx = Impedance of point & from primary source oi power
Zxs = Impedance of point 4+ from sccondary source of power
Zwx = Mutual impedance of points x and s .

Zs == luternal impedance of sccondary source of power

L, = Generated voltage of primary source of power

Iiy == Generated voltage of secondary source of power

I, = Current at x
l. = Current from sccondary sources
Em.f. drop irom primary source 1o & == Ix Zsx — Iy Zsx = L[,
Em.f. drop from primary source (0 s == Ix Zux — Is Zus
o, at s = [i, — Ik st + 1o Zne = Er —_— /u Zs

=l Zux — 1 (Zy 4 7)), == I2n — L%

Zxx (I;n - ]':n)~‘—‘ ]4;0 Zm: IZc\ st - Zx( (En -— I':n)

b= T Iy Zwt = 7 (U ¥ 70) — 70
l . -'-'Ifu (Zs + Zns) + Zax(En — Es) .

—Zxx (Za + Zu) + Zud -
T (Zan b Z6) = Zux (Fia —
T T ¥ 720y = 7

‘E,.)

' -~ . b

m 1-m

[ Py —— ; —-— 1y

c

FIG. 10—EQUIVALENT NETWORK OF TROLLEY-TRACK CIRCUIT
IFor one track of a two track system. :

In Fig, 10— .
Zy == Impedance of trolley-track circuit for
from a to b .
Zw = Mutual impedance between trolley wires from a to b
(1) LZi4+ Ue— 1) mZy— 1, (r-m) Z, — I, Zuw —
) (e-=1) (mZw) I (1 —m) Zw=0
(2 hiZi+1: (1-m) Zu — (e = L) m Zw = Lv — L,
3) Ei—Fe=Uc—LYmZ—ILmZn '
From (1) h=L—~ml. : ,
. Substituting this value of 7, in (2) and (3) and solving
gives

v
o

onc trolley

Ee=w (s — ) 4 (r-m) IomZ
o= (B =) i — ) e Zae

Trolley
! : 3
2 2
4 Track < S
13 2 s
2 Feeder <
i R 0e

FiG, 11—THREE-WIRE SYSTEM

IMPEDANCE FROM SUBSTATION TO LOAD ON ONE TRACK OF A
TWO-TRACK SYSTEM ‘

Consider the network in Fig. 11 as made up of two circuits

with sclf and mutual impedance,
1--"Trolley-feeder circnit at double voltage.
2--Trolley-rail circuit at base voltage.

Reduce all impedances to base voltage and let

7y Zs, cte. he the impedances of the auto-transformers.

Zysy, Zia, cte. be the impedances of the trolley-feeder circuit

== one-fourth actual impedances,

Zsz, Zss, cte, be the impedances of the trolley-rail circuit.

Zw, Zuy cte. be the mutual impedances between the two

circuits,

The network can then be constructed in the same manner
as for the two-wire system except that the mutual impedances
must be taken into account,

In Fig. 12, consider mesh 3-7 with unity load at 7 fed
from 3. ) . )

A Zm
(1) L (Zss-t Zs) + ,;"";‘;’: L (Za+ Za) + 1 ‘._2_,..’....
(2) Li+1L=1

4 Z3.4 Z23 2
Z Zy ‘12 Zm2 Zy
7 Zs 7 ) Z3 o 3

FIG. 12-—EQUIVALENT NETWORK FOR THREE-\WIRE SYSTEM
THREE-WIRE SYSTEM—EQUIVALENT NETWORK
From which v

Zo
A 2o — =
h="2 % 2% Zis ¥ Za— Zm
. le\
~ . Zﬂ Z: -_ —2'3—

Li= Z:"*' Z + AR + Lo — Zm
Consider load at 6 fed from 3,
Zm: Zml
(l) 1, (Zu + Zs Ze'z——'—_——) =1, Z,
2 2
@ L4 Li=1 ’
' ]_Zz|+24+207'—2nu
P} T LA Zi v ZawF 2o — Zma
= 7Y 7 ¥ 725 ¥ 7

The values of I, and I, are exactly the same as if the net-
work were as shown in Fig, 13.

Troiley d Feeder )
4 3 :
. Zmy * :
Z4= : & .
d .

24 23
Zyqo- E;-\"‘
5 0
. Track.
FIG, . 13—SIMPLE TWO- FIG. I4—RELATIVE LOCA~

WIRE NETWORK TIONS OF TROLLEY, TRACK

AND FEEDER

This is a simple two wire network. For calculation of self
and mutual impedances, the network with ‘mutual impedance
should be used, but for calculation of distribution currents the
simple network is applicable, .

In the above Zn is calculated as cqual to the resistance of
the trolley -+ j (Reactance of trolley with respect to track +
mutual reactance of feeder with respect to trolley-track.) Re-

actance of trolley with respect to track = 0.116 log 078
25 cyveles. Mutual reactance of feeder with respect to trolley-

for

) d : .
track ‘= 0.116 log -;I:‘—- for 25 cycles, where the distances,
d, di and d: are as represented in Fig, 14,

APPENDIX B

RESONANT SHUNTS FOR TELEGRAPH CIRCUITS
‘ Tel, Relay

I. Circuit in series resonance shunted around relay. This
forms a low resistance path for the induced voltage of railway
frequency. By the use of a commercial retardation coil and
6 m. f. of condensers very good tclegraph operation has been
obtained with an alternating current voltage of four times the
direct current voltage.

. ‘ .
Relay

II. Circuit in parallel resonance in series with relay w_ith
same coils and condenser as used for I; this has heen cffective
with an alternating current voltage cqual to the direct current
voltage.

NI Parallel Resonant Bridge. Ry = Resistance of re-
sonant bridge arm at railway frequency.  An improvement over
IT bt has not proved to be as good as 1.
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Artificial Line

1V. Scrics Resonant Bridge. Rn = Resistance of resonant

. A k VII. Paralleled Resonant Circuit for duplex working.
bridge arm at railway frequency. Results show an improve- :

ment over I Neutralizing of Primary Line ~__
A'AVAVA'A ’ ['M\J
A ~A AA —AAA A'A
AANVA— AMA
AMMA—— AMA

Telegraph or Telephone Wires
VIl Neutralizing Transformer System. Neutralizing
wire runs among tel. wires and is subject to the same induction.

: Trolley:
V. Differential ‘Relay. Special double winding relay. B— 1:1 Ratio Lol ™
Alternating current divides evenly in windings. The direct e | Track i ite T

current flows only in the resistance side,

IX. Track Booster Transformers.

Current in track = current in trolley — magnetizing cur-
rent of transformer. E. M. F. across transformer = impe-

dance drop in rail section in which it is connected.
Relay .

. Lw
e

| -
r 8 i il
Re
Track . ind

VI. Differential Relay with parallel resonance. Ry =
Resistance of resonant circuit at railway frequenty. - X. Feeder Booster Transformer.
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Speeial Devices for Railway Gircuits‘
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Three Wire Rallway Systems
Tranaformer Location
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Wave Shape of Earth Current
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